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In previous studies we have shown that platelets take up low molecular weight molecules from the medium by fluid phase endocytosis, a
phenomenon that we previously have used to load trehalose into human platelets, after which we have successfully freeze-dried them. We
now extend those findings to a species to be used in animal trials of freeze-dried platelets:pigs. Further, we report results of studies aimed at
elucidating the mechanism of the uptake. Temperature dependence of fluid-phase endocytosis was determined in pig platelets, using lucifer
yellow carbohydrazide (LY) as a marker. A biphasic curve of marker uptake versus temperature was obtained. The activation energy was
significantly higher above 22 jC (18.7F 1.8 kcal/mol) than below that critical temperature (7.5F 1.5 kcal/mol). The activation energy of
fluid phase endocytosis in human platelets was 24.1F1.6 kcal/mol above 15 jC. In order to establish a correlation between the effect of
temperature on fluid phase endocytosis and the membrane physical state, Fourier transform infrared spectroscopy (FTIR) and fluorescence
anisotropy experiments were conducted. FTIR studies showed that pig platelets exhibit a main membrane phase transition at approximately
12 jC, and two smaller transitions at 26 and 37 jC. Anisotropy experiments performed with 1,6 diphenyl-1,3,5 hexatriene (DPH)
complemented FTIR results and showed a major transition at 8 jC and smaller transitions at 26 and 35 jC. In order to investigate the relative
roles of known participants in fluid phase endocytosis, the effects of several chemical inhibitors were investigated. LYuptake was unaffected
by colchicine, methylamine, and amiloride. However, disruption of specific microdomains in the membrane (rafts) by methyl-h-cyclodextrin
reduced uptake of LY by 35%. Treatment with cytochalasin B, which inhibits actin polymerization, reduced the uptake by 25%. We conclude
that the inflection point in the LYuptake versus temperature plot at around 22 jC is correlated with changes in membrane physical state, and
that optimal LY internalization requires an intact cytoskeleton and intact membrane rafts.D 2003 Elsevier Science B.V. All rights reserved.Keywords: Cholesterol; Cytoskeleton; Fluid phase endocytosis; FTIR; Membrane; Pig platelet
1. Introduction antifreeze glycoproteins isolated from Atlantic cod [3]. InPlatelets are chilling-sensitive, and as a result they are
blood banked at room temperature for a maximum of 5
days. During hypothermic storage they change shape and
secrete a-granules and lysosomal constituents [1,2]. These
chilling-induced events start below 22 jC, coincident with
the temperature at which the platelet membranes undergo a
lipid phase transition [3]. Studies in our laboratory have
shown that chilling damage in platelets can be inhibited by0005-2736/03/$ - see front matter D 2003 Elsevier Science B.V. All rights reserv
doi:10.1016/S0005-2736(03)00114-7
* Corresponding author. Section of Molecular and Cellular Biology,
University of California, 1 Shields Avenue, Davis, CA 95616, USA. Tel.:
+1-530-752-1094; fax: +1-530-752-5305.
E-mail address: wfwolkers@ucdavis.edu (W.F. Wolkers).addition, we have shown that human platelets can be stored
in the freeze-dried state using trehalose as a lyoprotectant
[4]. Trehalose was introduced in millimolar concentrations
in the platelets by a mechanism primarily based on fluid
phase endocytosis.
In order to evaluate different storage techniques that
would increase storage times in blood banks, platelets must
be validated in a series of animal models as well as in
humans. Earlier studies suggested that pig platelets are a
good model for human platelets because their membrane
properties are very similar to those of humans [5]. The aim
of the present work is to establish a correlation between
fluid phase endocytosis and membrane lipid properties in
pig platelets, used as a model for human platelets. Fluided.
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hydrazide (LY) as a marker. Membrane properties were
studied using Fourier transform infrared spectroscopy
(FTIR) and fluorescence anisotropy.
Cells can internalize fluid through receptor-mediated or
fluid phase endocytosis. Receptor-mediated endocytosis
requires a specific receptor–ligand interaction and is satu-
rable with respect to the external ligand concentration,
whereas fluid phase endocytosis is not saturable with
respect to the external concentration [6]. Although the
pathways are different from each other, they are thermody-
namically equivalent [7]. A characteristic feature of fluid
phase endocytosis is that it is inhibited at low temperatures
[8]. LY has been extensively used as a marker for fluid
phase endocytosis [8,9]. The molecule is highly soluble in
water, lipid-insoluble, and fully dissociated at physiological
pH. The two negative charges prevent passage of the
molecule through the membrane by diffusion [10].
Phase behavior in cellular membranes of intact cells and
tissues can be measured by FTIR using the lipid symmetric
CH2 stretching vibration around 2850 cm
 1 [11–13]. The
wavenumber position of this band is a measure of mem-
brane fluidity. FTIR studies on human platelets showed that
they have a major phase transition at 15 jC and a smaller
transition at 30 jC, which were assigned to phase transitions
of the major phospholipid fraction and of sphingomyelin-
enriched microdomains (rafts), respectively [14].
The lipid order of the platelet membranes can also be mea-
sured using steady state fluorescence anisotropy. The lipid-
associated fluorescent dyes DPH and TMA–DPH can be
used to assess the membrane order in the core of the mem-
brane as well as on the lipid–water interface. DPH inserts in
the core of the membrane [15] whereas TMA–DPH has a
charged group and is located at the membrane/water interface
[16].
In this work we show that the uptake of LY has all the
characteristics of fluid phase endocytosis; i.e., uptake is not
saturable with respect to the external concentration, proceeds
linearly with time, and is inhibited at low temperatures. The
effect of temperature on uptake of LY was correlated with the
membrane properties of the cells, as reported by FTIR and
fluorescence anisotropy. The involvement of membrane rafts
in the uptake of LY was demonstrated using methyl-h-
cyclodextrin, which is known to disrupt these microdomains.
The role of actin polymerization in LY internalization was
investigated using cytochalasin B.Fig. 1. Time course of LY uptake at 37 jC, in the presence of 10 mM
external LY. The error bars reflect the standard error (n= 4).2. Materials and methods
2.1. Isolation of platelets
Blood was collected in acid citrate dextrose from
commercial gilts and barrows housed at the University of
California, Davis swine facility using an approved institu-
tional protocol. Ages varied between 4 and 6 months old.Blood samples were pooled in 15-ml falcon polypropylene
tubes (Becton Dickinson, Franklin Lakes, NJ) and centri-
fuged at 327 g for 15 min. Platelet-rich plasma (PRP)
was decanted and pooled into clean polypropylene tubes.
Platelets were then pelleted (481 g for 15 min) and
washed in Buffer A (100 mM NaCl, 10 mM KCl, 10
mM EGTA, 10 mM imidazole, 10 AM prostaglandin-E1,
pH 6.5) to obtain washed cell concentrates. Platelets were
counted on a Coulter counter T890 (Coulter, Inc., Miami,
Fl).
2.2. Loading of lucifer yellow CH into platelets
Loading studies with the fluorescent dye lucifer yellow
dilithium salt (Sigma, St. Louis, MO) were performed as
described previously [4] with slight modifications. Washed
platelets at a concentration of approximately 1109 plate-
lets/ml were incubated in the presence of the dye (10 mM).
Incubation temperatures and incubation times were chosen
as indicated. After incubation, the platelets were washed
twice in buffer A (by centrifugation for 20 s at 14000 g in
a microfuge). Platelets were then counted on a Coulter
counter and pelleted in 1.5-ml tubes by centrifugation for
45 s at 14000 g in a microfuge. Platelet associated LY
was extracted by lysing the pellet in 1% Triton X-100 buffer
(10 mM TES, 50 mM KCl, pH 6.8). The fluorescence of the
lysate was measured on a Perkin-Elmer LS50 B spectro-
fluorometer with excitation at 428 nm (slid width 4 nm) and
emission at 530 nm (slid width 4 nm). Uptake was calcu-
lated for each sample as nanograms of LY per cell using a
standard curve of LY in lysate buffer. Standard curves of LY
were found to be linear up to 2000 ng ml 1. The internal LY
concentration and the loading efficiency were calculated as
previously described [4] by assuming a mean platelet
volume of 8.6 and 7.0 fl for pig and human platelets,
respectively.
Fig. 4. Wavenumber versus temperature plots of the symmetric CH2
stretching band of pig platelets (closed circles). First derivatives (dmCH2/
dT) of the wavenumber versus temperature plots are also shown (solid
lines). The error bars reflect the standard error (n= 5).Fig. 2. LY uptake versus external LY concentration at 37 jC after a 4-h
incubation period. The error bars reflect the standard error (n= 4).
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Infrared spectra were recorded on a Perkin-Elmer 2000
Fourier transform IR-spectrometer equipped with a liquid
nitrogen-cooled Mercury/Cadmium/Telluride (MCT) detec-
tor as described previously [12,13]. Platelet pellets were
spread between two CaF2 IR windows in a temperature-
controlled cell. Spectra were recorded over a range of 0 to
50 jC, at a rate of 2 jC/min. Membrane fluidity was
monitored by observing the band position of the CH2
symmetric stretch vibration around 2850 cm 1. The first
derivative of the wavenumber versus temperature plots wasFig. 3. Loading efficiency of LY in pig (filled circles) and human (open circles) plat
presence of 10 mM external LY. The error bars reflect the standard error (n= 4).taken to show inflections coinciding with lipid phase
transitions more clearly.
2.4. Steady state fluorescence anisotropy
Platelets were labeled with DPH or TMA–DPH at 37 jC
for 40 min in Tyrodes buffer (10 mM HEPES, pH 7.3, 2.9
mM KCl, 138 mM NaCl, 12 mM NaHCO3, and 5.5 mM
glucose) according to Ref. [17]. Labeled platelets were
diluted to a concentration of 1107 cells/ml to avoid light
scattering of the emitted fluorescence. The anisotropy was
measured from 4 to 40 jC on a Perkin-Elmer LS50
spectrofluorometer (Norwalk, CT) using 365 and 460 nm
as excitation and emission wavelengths, respectively. Firstelets versus the incubation temperature after an incubation time of 4 h, in the
The insert figure presents Arrhenius plots of the data.
Fig. 5. Steady state fluorescence anisotropy decay of DPH (A), and TMA-
DPH (B) labeled pig platelets (solid circles). First derivatives (dr/dT) of the
anisotropy versus temperature plots are also shown (solid lines). The error
bars reflect the standard error (n= 3).
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calculated using Table Curve software (Jandel Scientific,
San Rafael, CA).Fig. 6. Effect of colchicine (A), methylamine (B), and amiloride (C) on LY intern
presence of 10 mM LY.2.5. Fluorescence microscopy
LY-loaded platelets were viewed on a fluorescence
microscope (Olympus BX60, UplanFL 100X/1.3NA)
employing a fluorescein filter set for fluorescence micro-
scopy. Platelets were fixed with 1% paraformaldehyde in
Buffer A for at least 1 h. Fixed cells were then cytocentri-
fuged onto ethanol cleaned slides with a ThermoShandon
Cytospin 3 at 1500 rpm for 5 min.3. Results
3.1. Uptake of lucifer yellow CH by pig platelets
The uptake of LY by pig platelets was studied as a
function of time, extracellular concentration, and temper-
ature. Intracellular LY was determined by measuring the
platelet associated LY on a fluorometer and the loading
efficiency was defined as the ratio between intracellular LY
and the LY concentration in the loading buffer. The effects
of colchicine, methylamine, amiloride, methyl-h-cyclodex-
trin, and cytochalasin B on the uptake of LY were also
studied.
3.1.1. LY uptake versus time
Fig. 1 depicts the time course of LY uptake at 37 jC and
an extracellular LY concentration of 10 mM. An initial rapid
uptake of LY within the first 30 min (the first time point)
was followed by a linear uptake. The intracellular LY
concentration approached the extracellular level, at a rate
of approximately 8.5%/h. At an external concentration of 10
mM, the flux rate after 30 min was 4.7F 0.7 10 11 mol/
m2 s.
3.1.2. Uptake of LY versus concentration
Variations in the extracellular concentration on uptake of
LY at 37 jC were determined after 4-h incubation (Fig. 2).
The intracellular dye concentration reached millimolar lev-alization by pig platelets after an incubation period of 4 h at 37 jC, in the
Fig. 7. Effect of methyl-h-cyclodextrin (A) and cytochalasin B (B) on LY
internalization by pig platelets. The samples were incubated for 4 h at 37 jC
in the presence of 10 mM LY. The error bars reflect the standard error
(n= 4).
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in the range of 0 to 30 mM external LY, showing that the
uptake is not saturable with respect to the external concen-
tration of the dye.
3.1.3. LY uptake versus temperature
When the uptake of LY was studied as a function of
temperature, biphasic curves were observed for both pig and
human platelets (Fig. 3). The uptake of the dye by the pig
platelets is much more sensitive to temperature variations
between 37 and 22 jC than between 22 and 4 jC. The
uptake of LY by human platelets was found to be similar to
that of pig platelets with a rapid increase in uptake of the
dye above 15 jC. The activation energy of LY uptake was
calculated using the Arrhenius relationship (Eq. (1)).
lnðkÞ ¼ lnðAÞ þ ðEa=ðRTÞÞ ð1Þ
In this equation k is the rate constant, Ea the activation
energy, and A the frequency factor, the units of which are the
same as those of the rate constant.
The activation energy can be obtained by plotting recip-
rocal temperature versus the natural logarithm of the rate of
internalization (Fig. 3, insert). The Arrhenius plot of the pig
platelets was fitted with two linear regressions in the temper-
ature regions above and below the temperature at which the
discontinuity apparently occurs, 22 jC. The activation ener-
gies were determined to be 18.7F 1.8 and 7.5F 1.5 kcal/
mol above and below 22 jC, respectively. The activation
energy of LY internalization by human platelets was deter-
mined to be 24.1F1.6 kcal/mol above 15 jC.
3.2. Membrane phase behavior of pig platelets
The membrane properties of pig platelets were studied
using FTIR and fluorescence anisotropy in order to establish
a correlation between membrane phase behavior and the
effect of temperature on the rate of LY internalization.
3.2.1. In situ FTIR assessment of membrane properties
Membrane phase behavior of intact pig platelets was
assessed by FTIR. Phase transitions were derived from
plots of the wavenumber of the symmetric CH2 stretching
vibration (around 2850 cm 1) as a function of temperature
(Fig. 4). The wavenumber increased from 2851.7 to 2852.7
cm 1 with a temperature increase from 0 to 55 jC. The
increase in wavenumber while heating denotes an increase
in membrane fluidity, which is due to the sequential melting
of the various lipid classes in the membrane. Three tran-
sitions at around 12, 26, and 37 jC are evident in the first
derivative of the wavenumber versus temperature plot (solid
line in Fig. 4). The first transition at approximately 12 jC
(average of the transition at 8 jC and the shoulder at 16 jC)
is in good agreement with previous results [5]. The other
two smaller transitions at approximately 26 and 37 jC
reflect high melting lipid components in the membrane,such as sphingomyelins. Previous studies in our laboratory
have shown that similar high temperature transitions
detected in human platelets are associated with membrane
rafts [14].
3.2.2. Steady state fluorescence anisotropy
Temperature dependence of steady state anisotropy of
DPH-labeled pig platelets is depicted in Fig. 5A. The
anisotropy decreases with increasing temperatures, which
is indicative of a decrease in the molecular order of the
lipids. The anisotropy of DPH dropped from 0.28 to 0.20
when the temperature was increased from 4 to 40 jC. The
first derivative of the anisotropy versus temperature plot
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imately 8 jC, and smaller transitions at 25 and 35 jC, in
good agreement with the FTIR results.
The fluorescence anisotropy of the membrane surface
probe TMA–DPH dropped from 0.28 to 0.25 with a
temperature increase from 4 to 40 jC (Fig. 5B). First
derivative analysis indicates the presence of two transitions
at 10 and 28 jC.
3.3. Effect of chemical inhibitors of endocytosis on uptake
of LY
To examine further the mechanism of LY internal-
ization, pig platelets were treated with well-characterised
general inhibitors of endocytosis such as colchicine and
methylamine. Treatment with colchicine, a microtubule
disrupting agent [18], up to 50 AM did not reduce LY
uptake (Fig. 6A). Treatment with the vacuolar pH pertur-
bant, methylamine, resulted in no reduction of LY uptake,
except at the elevated concentration of 50 mM, which
reduced uptake by about 20% (Fig. 6B). However, we
suspect that at this high concentration intracellular pH
was probably elevated out of the physiological range and
that this effect is not due to alkalinization of the lyso-
somes per se. A third inhibitor, amiloride, which has beenFig. 8. Fluorescent (left panel) and phase contrast (right panel) images of LY load
incubated at 37 (A) or 4 (B) jC; incubated at 37 jC and treated with either cytocha
10 (H) mM. The left panel represent the phase contrast images corresponding toreported to reduce clathrin-independent pinocytic path-
ways specifically [19], had no effect on LY internalization
(Fig. 6C).
3.4. Role of membrane rafts and cytoskeleton in LY
internalization
The involvement of membrane rafts in the uptake of LY
was tested by disrupting these microdomains with MhCD.
MhCD has been widely used to remove cholesterol selec-
tively from the plasma membrane of cells [20,21]. Removal
of membrane cholesterol by MhCD particularly affects the
cholesterol rich membrane rafts [22]. Treatment by MhCD
reduced the capability of platelets to take up LY by
approximately 35% (Fig. 7A). At 10 mM of MhCD, 98%
of cholesterol is removed from the platelets [14]. We also
attempted to hydrolyze sphingomyelin, one of the other
major components in membrane rafts, by treatment with
sphingomyelinase. However, treatment with the enzyme did
not result in cleavage of sphingomyelin (based on thin layer
chromatography experiments; data not shown). The enzyme
was found to be effective only after cholesterol removal
from the cells (data not shown).
The involvement of a functional cytoskeleton in the
uptake of LY was tested using cytochalasin B, which is aned platelets. Platelets were incubated in 10 mM LY for 4 h. Platelets were
lasin B at 10 (C), 20 (E), 50 (G) AM, or treated with MhCD at 1 (D), 5 (F),
the fluorescent images.
Fig. 9. (A) Wavenumber versus temperature plots of the symmetric CH2
stretching band of control pig platelets (open circles), platelets treated
with 50 mM cytochalsin B (closed circles), and platelets treated with 10
mM MhCD (closed triangles). (B) First derivatives (dmCH2/dT) of the
wavenumber versus temperature plots of control (dotted lines), cytocha-
lasin B-treated (dashed lines), and MhCD-treated (solid lines) cells are also
shown (solid lines).
Fig. 10. LY internalization in autologous plasma compared to that in buffer.
Loading efficiency of LY is depicted as a function of the buffer plasma v/v
ratio (%) after an incubation time of 4 h at 37 jC, in the presence of 10 mM
LY. The error bars reflect the standard error (n= 3).
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platelets with cytochalasin B reduced LY internalization in
a dose-dependent manner, with a reduction of 25% at 50 AM
(Fig. 7B).
Fluorescence microscopy showed a more or less homo-
geneous distribution of LY in the platelets (Fig. 8). The
fluorescence intensity of control platelets increased with
time during incubation at 37 jC, and virtually no fluores-
cence was detectable in platelets that were incubated at 4 jC
(Fig. 8A and B). The fluorescence intensity of platelets
treated with cytochalasin B and MhCD showed a more
reduced fluorescence intensity compared to control cells
with increasing inhibitor concentrations, in agreement with
Fig. 7.3.4.1. Effect of cytochalasin B and methyl-b-cyclodextrin on
membrane properties
In order to test whether the inhibiting effects of cytocha-
lasin B and MhCD on LY internalization are associated with
changes in membrane properties, the effects of these treat-
ments on membrane fluidity were determined using FTIR.
Treatment with cytochalasin B did not affect the membrane
fluidity, as shown in Fig. 9. The wavenumber excursion
from 0 to 55 jC was virtually identical to that of control
cells. First derivative analysis revealed minor differences
between cytochalasin B-treated and control cells; however,
these differences fall within the normal range observed for
control cells.
Cholesterol removal by MhCD had a drastic effect on the
thermotropic response of the membranes. The wavenumber
excursion from 0 to 55 jC increased from 1.2 to 2.1 cm 1
upon cholesterol removal. The effect is particularly visible
at high temperatures, when the membranes are in a disor-
dered phase; the wavenumber of the lipid band increased
after cholesterol depletion of the cells, indicative of an
increased membrane fluidity, compared to control cells.
Four transitions at 5, 16, 27, and 35 jC were visible after
cholesterol removal from the plasma membranes, and, as
expected, dm/dT of the transitions was greater compared to
the control cells. The derivative of the wavenumber versus
temperature plot, expressed in dm/dT (cm 1/jC), can be
considered as a measure for the cooperativity of the tran-
sition. The cooperativity of the transition at 15 jC was
increased by 0.036 cm 1/jC after cholesterol removal. The
transition at 27 jC exhibited the greatest enhancement in
cooperativity after cholesterol removal; 0.045 cm 1/jC.
3.5. Uptake of LY in autologous plasma
For comparison, uptake of LY was also determined in
autologous plasma. Fig. 10 shows that the uptake of LY by
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plasma in the incubation buffer. Uptake of LY in plasma is
reduced by approximately 50% compared to the uptake in
buffer.Fig. 11. Correlation between membrane fluidity (mCH2) and LY internal-
ization of pig platelets. A plot of the dmCH2/dT versus mCH2 is also shown
to indicate the phase transitions.4. Discussion
In this paper we have shown that the uptake of LY by pig
platelets has all the kinetic features of fluid-phase endocy-
tosis, i.e., the amount taken up is proportional to the
concentration in the medium, the uptake proceeds continu-
ously with time and exhibits a biphasic curve as a function
of temperature. This biphasic behavior of LY internalization
is possibly related to the membrane physical state. Several
general inhibitors of fluid phase endocytosis did not inhibit
LY internalization in pig platelets. Disruption of the cytos-
keleton and membrane rafts resulted in a reduction of LY
uptake.
The inhibition of LY uptake at low temperatures,
observed here for both pig and human platelets, is one of
the characteristic features of fluid phase endocytosis [8].
The uptake of LY by pig and human platelets increased
drastically above 22 and 15 jC, respectively. The rate of LY
internalization did not show Arrhenius behavior in the 4–37
jC temperature range. The activation energy drastically
increased above 22 and 15 jC for pig and human platelets,
respectively. Such biphasic behavior in the effect of temper-
ature on LY uptake has been observed in other cell types.
Fluid phase endocytosis in renal epithelial cells occurs with
an activation energy of 15–22 kcal/mol above and 9–12
kcal/mol below a critical temperature of 27 jC [24]. Rat
hepatocytes internalize LY with an activation energy of 25.8
kcal/mol [7]. The activation energies that we report here for
pig and human platelets are in good agreement with these
results and further confirm that LY is internalized through
fluid phase endocytosis. The uptake of LY proceeds linearly
with time after an initial rapid uptake of the dye during the
first 30 min. The initial rapid uptake of the dye followed by
a slower uptake has also been observed in macrophages and
has been assigned to a small, rapidly turning over compart-
ment, and the slower phase has been assigned to filling up of
lysosomes [9]. The internal LY concentration increased
linearly with respect to the external concentration. Unlike
receptor-mediated endocytosis, fluid phase endocytosis is
not saturable with respect to the external concentration.
Fluid phase endocytosis requires vesicle formation and
fusion events, and hence it can be expected that the
membrane fluidity plays a crucial role in this event. FTIR
and fluorescence anisotropy studies were conducted to test
the role of membrane fluidity in endocytosis. Pig platelets
were found to exhibit a major transition at 12 jC, in good
agreement with previous results [5]. FTIR studies on
human, horse, and mouse platelets show that the main phase
transition in platelets typically falls between 10 and 15 jC
[3,13,17,25]. In addition, two transitions were observed at26 and 35 jC, which we tentatively assign to membrane
rafts. We base this on previous studies with human platelets,
which showed that a second high temperature transition at
around 30 jC could be linked to the main transition in
isolated membrane rafts of the platelets [14]. Cholesterol
depletion of the cells showed that the membrane phase
behavior in platelets is strongly modulated by cholesterol.
The transition at 26 jC was most affected by the cholesterol
depletion, indicating that this transition is possibly associ-
ated with the cholesterol rich membrane rafts. Cholesterol
fluidizes the lipid bilayer in the gel state and reduces
motional order in the fluid state [26,27]. The membrane
properties of platelets were also studied using the fluores-
cent probes DPH and TMA–DPH to corroborate the FTIR
studies. The fluorescence anisotropy of the fluorescent dyes
reports on the lipid order of the membrane. DPH partitions
in the core of the membrane, whereas TMA–DPH interacts
with the polar lipid headgroups and, thus, is more sensitive
to the structural order at the membrane surface. The greater
anisotropy excursion between 4 and 40 jC of DPH com-
pared to that of TMA–DPH implies that the lipid order in
the core of the membrane is more affected by temperature
variations than the lipid order at the membrane surface. As
expected, the membrane phase transitions that can be
deduced from the anisotropy decay in the core of the
membrane more closely resembled the FTIR results than
the transitions derived from the anisotropy decay at the
membrane surface.
At first sight there is no clear correlation between
membrane fluidity and LY internalization (Fig. 11). The
increased LY internalization above 22 jC coincides with a
threshold membrane fluidity of 2852.2 cm 1, which is
indicative of an intermediate membrane fluidity between
the gel and the fluid phase. Fig. 11 shows that this critical
membrane fluidity corresponds with the end of the first
W.F. Wolkers et al. / Biochimica et Biophysica Acta 1612 (2003) 154–163162major phase transition of the membranes from 2851.6 to
2852.2 cm 1 (the transition at 12 jC in Fig. 4). Further
fluidization of the membrane after completion of the first
transition results in a drastic increase in LY internalization.
Several general inhibitors of fluid phase endocytosis
were tested to study their effects on LY uptake. The micro-
tubule inhibitor, colchicine, did not inhibit LY uptake,
suggesting that the microtubular system is not involved in
the uptake. In resting platelets, microtubules assume an
array in the form of a coil [28]. The microtubule coil helps
to maintain the discoid shape of the resting platelet. Appa-
rently, perturbation of the tubular coil does not affect
endocytosis. The vacuolar pH perturbant, methylamine,
showed only a moderate inhibition at 50 mM, which is well
above the physiological range. The use of such substances
acting on low pH intracellular compartments have been
reported to inhibit endocytosis [19,29]. The use of a more
specific inhibitor of fluid phase endocytosis, the Na+H+
channel blocker amiloride, did not inhibit LY internalization
in pig platelets. Amiloride was shown to inhibit the uptake
of Coxiella burnetii by a host cell through fluid phase
endocytosis [19] and it blocks fluid phase endocytosis in
human carcinoma cells, without affecting the receptor-
mediated endocytosis of proteins [30].
Actin filaments are the essential contractile elements of
the platelet cytoskeleton. They regulate shape change,
extension of pseudopodia, platelet spreading and adhesion,
platelet aggregation, secretion and clot retraction [31]. The
connection between the cytoskeleton and the membranes in
platelets is thought to be mediated primarily through vincu-
lin [32] as well as through numerous other actin binding
proteins [33]. The polymerization of actin filaments that are
forming the membrane cytoskeleton can be inhibited by
cytochalasin B [23,34]. Phagocytosis of liposomes by
human platelets is inhibited by cytochalasin B, suggesting
that a functional cytoskeleton is required for optimal vesic-
ulation [35]. The results presented here demonstrate that a
functional cytoskeleton is also required for optimal pinocy-
tosis in platelets. Gousset [36] showed that treatment of
human platelets with cytochalasin B prevents raft aggrega-
tion at low temperatures, suggesting that in addition to
disruption of the cytoskeleton the molecule also affects
the membrane phase behavior. The present FTIR data
suggest that cytochalasin B does not affect the thermotropic
response of the platelet membrane lipids (Fig. 10), which
implies that the effect of cytochalasin B treatment on LY
internalization is not mediated through an effect on the
membrane phase behavior of platelets.
The involvement of membrane rafts in the uptake of LY
was demonstrated using methyl-h-cyclodextrin, which is
known to disrupt the microdomain structure of membranes
[22]. Membrane rafts are enriched in sphingolipids and
cholesterol and have a high degree of lipid structural order
[37]. Rafts are present at physiological temperatures, but are
generally too small to be detected by light microscopy. In
platelets, membrane rafts can be visualized by chilling,which results in aggregation of rafts coincident with activa-
tion of the cells. These events start below 22 jC [3,14].
Disruption of the microdomain structure of the membranes
by treatment with MhCD resulted in inhibition of LY
internalization. FTIR studies showed that cholesterol deple-
tion coincides with an increase in cooperativity of the
transitions. It is worth noting that the increase in coopera-
tivity of the transitions upon cholesterol depletion does not
coincide with an increased uptake of LY. It is well estab-
lished that cholesterol decreases the permeability of the lipid
bilayer in model membranes [38]. The fact that cholesterol
depletion of platelets reduces LY uptake confirms that
vesiculation rate rather than membrane permeability dictates
the rate of LY internalization. Esfahani et al. [39] have
shown that cholesterol is required for optimal fluid phase
endocytosis in a monocyte-like cell line. Ilangumaran and
Hoessli [22] showed that both receptor-mediated and fluid
phase endocytosis are affected by cholesterol depletion.
Recently it was shown that lipid trafficking of alkyl-lyso-
phospholipid in a tumor cell line occurs through raft-
dependent endocytosis. Cholesterol, and hence intact rafts,
were found to be required for optimal uptake [40].
The strong inhibition of LY internalization in autologous
plasma compared to the one in buffer was also observed in
studies with human and mouse platelets (W.F. Wolkers,
unpublished data). We speculate that the inhibition of LY
uptake in plasma can be attributed to plasma lipids or
proteins that are interfering with the vesiculation rate.
We conclude that LY internalization in pig platelet occurs
predominantly through fluid phase endocytosis. The uptake
is dependent on the physical state of the membrane and
requires a functional cytoskeleton and intact membrane
rafts.Acknowledgements
This work was supported by grants HL57810 and
HL61204 from NIH, and 981711 from DARPA.References
[1] A.P. Bode, C.L. Knupp, Effect of cold storage on platelet glycoprotein
IB and vesiculation, Transfusion 34 (1994) 690–696.
[2] R. Winokur, J.H. Hartwig, Mechanism of shape change in chilled
human platelets, Blood 85 (1995) 1796–1804.
[3] F. Tablin, A.E. Oliver, N.J. Walker, L.M. Crowe, J.H. Crowe, Mem-
brane phase transition of intact human platelets: correlation with cold-
induced activation, J. Cell. Physiol. 168 (1996) 305–313.
[4] W.F. Wolkers, N.J. Walker, F. Tablin, J.H. Crowe, Human platelets
loaded with trehalose survive freeze-drying, Cryobiology 42 (2001)
79–87.
[5] F. Tablin, N.J. Walker, S.D. Klein, C.L. Field, J.H. Crowe, Animal
models for studies on cold-induced platelet activation in human
beings, J. Lab. Clin. Med. 135 (2000) 339–346.
[6] H. Riezman, Endocytosis in yeast: several of the yeast secretory
mutants are defective in endocytosis, Cell 40 (1985) 1001–1009.
W.F. Wolkers et al. / Biochimica et Biophysica Acta 1612 (2003) 154–163 163[7] J.A. Oka, P.H. Weigel, The pathways for fluid phase endocytosis and
receptor mediated endocytosis in rat hepatocytes are different but
thermodynamically equivalent, Biochem. Biophys. Res. Commun.
159 (1989) 488–494.
[8] K.M. Wright, K.J. Oparka, Uptake of lucifer yellow CH into plant-
cell protoplasts: a quantitative assessment of fluid phase endocytosis,
Planta 179 (1989) 257–264.
[9] J.A. Swanson, B.D. Yirinec, S.C. Silverstein, Phorbol esters and horse-
radish peroxidase stimulate pinocytosis and redirect the flow of pino-
cytosed fluid in macrophages, J. Cell Biol. 100 (1985) 851–859.
[10] W.W. Stewart, Lucifer dyes—highly fluorescent dyes for biological
tracing, Nature 292 (1981) 17–21.
[11] J.H. Crowe, F.A. Hoekstra, L.M. Crowe, T.J. Anchordoguy, E. Drob-
nis, Lipid phase transitions measured in intact cells with Fourier trans-
form infrared spectroscopy, Cryobiology 26 (1989) 76–84.
[12] W.F. Wolkers, L.M. Crowe, N.M. Tsvetkova, F. Tablin, J.H. Crowe,
In situ assessment of erythrocyte membrane properties during cold
storage, Mol. Membr. Biol. 19 (2002) 59–65.
[13] W.F. Wolkers, S.A. Looper, A.E. McKiernan, N.M. Tsvetkova, F.
Tablin, J.H. Crowe, Membrane and protein properties of freeze-dried
mouse platelets, Mol. Membr. Biol. 19 (2002) 201–210.
[14] K. Gousset, W.F. Wolkers, N.M. Tsvetkova, A.E. Oliver, C.L. Field,
N.J. Walker, J.H. Crowe, F. Tablin, Evidence for a physiological role
for membrane rafts in human platelets, J. Cell. Physiol. 190 (2002)
117–128.
[15] B.R. Lenz, Membrane fluidity as detected by diphenylhexatriene
probes, Chem. Phys. Lipids 50 (1989) 171–190.
[16] F.G. Prendergast, R.P. Haugland, P.J. Callahan, 1-[4-(trimethylammi-
no)phenyl]-6-phenylhexa-1,3,5-triene: synthesis, fluorescence proper-
ties, and use as a fluorescent probe of lipid bilayers, Biochemistry 20
(1981) 7333–7338.
[17] N.M. Tsvetkova, N.J. Walker, J.H. Crowe, C.L. Field, Y. Shi, F.
Tablin, Lipid phase separation correlates with activation in platelets
during chilling, Mol. Membr. Biol. 17 (2000) 209–218.
[18] M. Shiba, E. Watanabe, S. Sasakawa, Y. Ikeda, Effects of taxol and
colchine on platelet membrane properties, Thromb. Res. 52 (1988)
313–323.
[19] E. Tujulin, A. Macellaro, B. Lilliehook, L. Norlander, Effect of endo-
cytosis inhibitors on Coxiella burnetii interaction with host cells, Acta
Virol. 42 (1998) 125–131.
[20] U. Klein, G. Gimpl, K. Fahrenholz, Alteration of the myometrial
plasma membrane cholesterol content with methyl-h-cyclodextrin
modulates the binding affinity of the oxytocin receptor, Biochemistry
34 (1995) 13784–13793.
[21] S.K. Rodal, G. Skretting, O. Garred, F. Vilhardt, B. van Deurs, K.
Sandvig, Extraction of cholesterol with methyl-beta-cyclodextrin per-
turbs formation of clathrin-coated endocytic vesicles, Mol. Biol. Cell
10 (1999) 961–974.
[22] S. Ilangumaran, D.C. Hoessli, Effects of cholesterol depletion by
cyclodextrin on the sphingolipid microdomains of the plasma mem-
brane, Biochem. J. 335 (1998) 433–440.
[23] J. Hartwig, M. DeSisto, The cytoskeleton of the resting human blood
platelet: structure of the membrane skeleton and its attachment to
actin filaments, J. Cell Biol. 112 (1991) 407–425.
[24] Z. Mamdouh, M. Giocondi, R. Laprade, C. Le Grimellec, Temper-ature dependence of endocytosis in renal epithelial cells in culture,
Biochim. Biophys. Acta 1282 (1996) 171–173.
[25] N.M. Tsvetkova, J.H. Crowe, N.J. Walker, L.M. Crowe, A.E. Oliver,
W.F. Wolkers, F. Tablin, Physical properties of membrane fractions
isolated from human platelets: implications for chilling induced pla-
telet activation, Mol. Membr. Biol. 16 (1999) 265–272.
[26] J.R. Silvius, Cholesterol modulation of lipid intermixing in phospho-
lipid and glycosphingolipid mixtures. Evaluation using fluorescent lip-
id probes and brominated lipid quenchers, Biochemistry 31 (1992)
3398–3408.
[27] J.R. Silvius, D. del Giudice, M. Lafleur, Cholesterol at different bi-
layer concentrations can promote or antagonize lateral segregation of
phospholipids of differing acyl chain length, Biochemistry 35 (1996)
15198–15208.
[28] B.E. Feldman, J.G. Zinkl, N.C. Jain (Eds.), Veterinary Hematology,
5th ed., Lippincot & Wilkins, Philadelphia, 2000, pp. 448–452.
[29] M. Ama, E. Hirayama, A. Hiraki, J. Kim, Changes in fused cells
induced by HVJ (Sendai virus): relationship of morphological
changes to endocytosis of the surface membrane, Cell Biol. Int. 26
(2002) 355–361.
[30] M.A. West, M.S. Bretscher, C. Watts, Distinct endocytotic pathways
in epidermal growth factor-stimulated human carcinoma A431 cells,
J. Cell Biol. 109 (1989) 2731–2740.
[31] J.H. Hartwig, Mechanisms of actin rearrangements mediating platelet
activation, J. Cell Biol. 118 (1992) 1421–1442.
[32] J. Hagmann, Pattern Formation and Handedness in the Cytoskeleton of
Human Platelets, Proc. Natl. Acad. Sci. U. S. A. 90 (1993) 3280–3283.
[33] J.A. Rosado, S.O. Sage, The actin cytoskeleton in store-mediated
calcium entry, J. Physiol. 526 (2000) 221–229.
[34] M. Diaz-Ricart, G. Arderiu, E. Estebanell, S. Perez-Pujol, M. Lozano,
J.G. White, G. Escolar, A. Ordinas, Inhibition of cytoskeletal assem-
bly by cytochalasin B prevents signaling through tyrosine phosphor-
ylation and secretion triggered by collagen but not by thrombin,
Am. J. Pathol., January 160 (2002) 329–337.
[35] R. Male, W.E. Vannier, J.D. Baldeschwieler, Phagocytosis of lipo-
somes by human platelets, Proc. Natl. Acad. Sci. U. S. A. 89
(1992) 9191–9195.
[36] K. Gousset, The role of liquid ordered domains (rafts) in cold in-
duced platelet activation, Dissertation (2002) University of Califor-
nia, Davis.
[37] D.A. Brown, E. London, Structure and origin of ordered lipid domains
in biological membranes, J. Membr. Biol. 164 (1998) 103–114.
[38] W.V. Kraske, D.B. Mountcastle, Effects of cholesterol and temper-
ature on the permeability of dimyristoylphosphatidylcholine bilayers
near the chain melting phase transition, Biochim. Biophys. Acta 1514
(2001) 159–164.
[39] M. Esfahani, L. Scerbo, S. Lund-Katz, D.M. Depace, R. Maniglia,
J.K. Alexander, M.C. Phillips, Effects of cholesterol and lipoproteins
on endocytosis by a monocyte-like cell line, Biochim. Biophys. Acta
889 (1986) 287–300.
[40] A.H. van der Luit, M. Budde, P. Ruurs, M. Verheij, W.J. Blitterswijk,
Alkyl-lysophospholipid accumulates in lipid rafts and induces apop-
tosis via raft-dependent endocytosis and inhibition of phosphatidyl-
choline synthesis, J. Biol. Chem. 277 (2002) 39541–39547.
